Left atrial (LA) volume is an important predictor of morbidity and mortality in cardiovascular disease. Left atrial strain is a feasible technique for assessing LA function. The EchoNoRMAL study recently highlighted the possibility that ethnicbased differences may exist in LA size. There is a paucity of data regarding LA parameters in an African population. We sought to establish normative values for LA volumetric and strain parameters in a black population.
Introduction
The left atrium (LA) has multiple functions. It is a contractile chamber that also acts as a reservoir, conduit, and volume sensor. 1 The anatomy and pathophysiology of the LA is complex, and, thus, optimal quantification of its function is difficult. 2, 3 Despite these challenges, LA size and volume are altered in many disease states and have been found to be important predictors of morbidity and mortality in many cardiovascular disease states. 4, 5 Speckle-tracking echocardiography has been found to be a feasible and reproducible technique in the evaluation of longitudinal LA strain (1), thus providing an additional parameter of LA function. 6, 7 This may enable earlier identification of subclinical LA dysfunction, which has additional prognostic implications in various disease states. 8 However, interpretation of abnormality does require normal data on vendor-specific software to differentiate normality from pathology. Recent data from the EchoNoRMAL study have highlighted the possibility that echocardiographic measurements of LA size may differ among various ethnic populations, with black Africans having lesser LA diameters than whites. 9 There are no studies that have documented normative data on LA volume indexed (LAVi) to body surface area (BSA) in black Africans. This is required to ensure that current levels of abnormality defined in guidelines can be accurately applied to this population. Furthermore, there is no current evidence that ethnicity may affect strain values of the LA since this has not been studied previously. Thus, we sought to establish normal reference ranges of LA volumetric parameters and peak positive LA 1 (1 R, LA reservoir function) and peak negative LA 1 (1 CT, LA contractile function) in a black African population.
Methods

Study group
This prospective cross-sectional study was part of an ongoing study being conducted at Chris Hani Baragwanath Academic Hospital to provide normal echocardiographic reference ranges in subjects of African descent. Subjects were recruited from unrelated staff at Baragwanath Hospital and volunteers who presented themselves to the echocardiography laboratory following an advertisement about this study. A total of 190 subjects were screened. The inclusion criteria were (i) absence of symptoms, (ii) normal blood pressure (≤140/90 mmHg), (iii) absence of diabetes and cardiovascular disease, (iv) not on any chronic medication, and (v) presence of sinus rhythm (heart rate between 50 and 85 b.p.m). The exclusion criteria were (i) abnormal 12-lead electrocardiogram (ECG), (ii) abnormal screening echocardiogram, and (iii) suboptimal image quality. The final sample comprised 120 individuals (60 females) aged 18 -70 years. The study was approved by the University of the Witwatersrand ethics committee (M140114) and is in accordance with the principles outlined in the Declaration of Helsinki. The individuals' baseline clinical characteristics were recorded, and they subsequently underwent comprehensive echocardiography.
Echocardiographic evaluation
Transthoracic echocardiography was performed on all patients in the left lateral position by experienced sonographers using an S5-1 transducer on a Philips iE33 system (Amsterdam, The Netherlands). The images were obtained according to a standardized protocol. The data were transferred and analysed offline using the Xcelera workstation (Philips).
Two-dimensional and Doppler quantification
All linear chamber measurements were performed according to the American Society of Echocardiography chamber guidelines. 10 The biplane Simpson's method was used for calculation of LA volumes. Left atrial volume was planimetered in the four-chamber and two-chamber views by tracing the endocardial border (pulmonary vein confluence and LA appendage were excluded). 10 Maximum LA volume (LA max ) was obtained at left ventricular (LV) end-systole, from the twodimensional (2D) frame, just before the mitral valve opened. 6, 7 Pre-atrial volume (V pre-A ) was obtained from the diastolic frame, just before the mitral valve reopened as the result of atrial contraction. 6 Left atrial minimum volume (LA min ) was assessed at LV end-diastole, from the smallest volume seen after LA contraction. 6, 7 Left atrial phasic function assessment was done using the following formulas: All the LA volumetric parameters were indexed to BSA. 7 Measurements relating to LV diastolic function were performed in accordance with the American Society of Echocardiography guidelines on diastolic function and included pulsed-wave Doppler at the mitral tips and tissue Doppler of both medial and lateral mitral annuli. 11 
Speckle-tracking echocardiography
Apical four-and two-chamber views were obtained using 2D greyscale echocardiography for speckle-tracking analysis. 3, 5 This was performed during end-expiratory breath-hold and stable ECG recording. 3, 5, 6 An adequate greyscale image that allowed separation of myocardial tissue and surrounding structures was obtained. 5 Three consecutive cardiac cycles were recorded and averaged. 5 The frame rate was set between 60 and 80 frames/s. 5 Philips QLAB version 9.0 software allowed offline semiautomated analysis of speckle-based strain. The endocardial surface of the LA was traced manually in both four-and two-chamber views by a three-point-and-click approach. 5 The system then automatically generates an epicardial surface tracing ( Figure 1 ). 5 The region of interest was thus created, and this was then manually adjusted as needed to allow for adequate speckle tracking. The software divides the region of interest into seven segments in the two-chamber and the four-chamber views. It then generates the longitudinal 1 curves for each segment and a mean curve of all segments. 5 
Statistical analysis
Statistical analysis was performed with Statistica (version 12.5, series 0414 for Windows). Continuous variables are expressed as mean + standard deviation (SD) or median (interquartile range).
Univariate and multivariate linear regression analyses were used to identify possible independent determinants of peak positive LA 1 R, LA 1 CT, and maximum LAVi. Two models to predict LA 1 R and maximum LAVi were selected in a multiple linear regression analysis. The independent variables with a P-value of ≤0.05 on univariate analysis were tested in the multivariate model. Pearson's correlation coefficient was used to assess the co-linearity between variables. The aforementioned models were further analysed using the forward and backward stepwise methods.
The intra-observer and inter-observer variabilities were assessed for LA 1 R , LA 1 CT, maximum LAVi, and minimum LAVi. Measurements were done in 20 randomly selected subjects. Inter-observer and intra-observer reproducibility were assessed by calculating coefficients of variation. A P-value of ,0.05 was considered statistically significant.
Results
Baseline characteristics and echocardiographic findings
Of the 120 individuals, 60 were male and the mean age was 38. Table 2) .
Determinants of maximum left atrial volume index
On univariate analysis, the main clinical determinants of maximum LAVi were sex (P ¼ 0.03), BMI (P ¼ 0.009), systolic blood pressure (P ¼ 0.03), and heart rate (P ¼ 0.0002). On multivariate regression analysis, the main predictors of maximum LAVi were male sex, heart rate, and systolic blood pressure after adjustment for age ( Table 3) .
Left atrial strain indices
The mean 1 R and 1 CT for all subjects were 39.0 + 8.4 and 22.7 + 2.5%, respectively ( Table 2) . No gender differences in 1 R were noted (P ¼ 0.81).
Factors determining left atrial reservoir strain
On univariate analysis, clinical parameters such as age (P , 0.001), BSA (P ¼ 0.002), BMI (P ¼ 0.02), weight (P ¼ 0.003), and systolic blood pressure (P ¼ 0.04) were independently associated with 1 R . However, sex was not associated with 1 R. On multivariate linear regression analysis, age, weight, and BSA were independently associated with 1 R after adjustment for sex and systolic blood pressure ( Table 4) .
Reproducibility of left atrial volumetric and strain parameters
The intra-observer coefficient of variation for maximum LA volume was 3% with a mean difference + SD of 0.23 + 0.61 (P ¼ 0.10). The inter-observer variability for maximum LA volume was 0.9% with a mean difference + SD of 2.7 + 2.6 (P ¼ 0.0001). The intra-observer coefficient of variation for 1 R was 4.8% with a mean difference + SD of 3.2 + 0.67 (P ¼ 0.3) and for 1 CT was 4.6% with a mean difference + SD of 1.43 + 0.31 (P ¼ 0.3). The inter-observer variability coefficient was 9% for both 1 R (P ¼ 0.6) and 1 CT (P ¼ 0.6) with a mean difference + SD of 3.2 + 0.35 and 1.2 + 0.13, respectively.
Discussion
Main findings
This study provides normative data for LA volumetric parameters and LA strain in a black African population. Females had a higher LAVi compared with males. No difference in peak LA strain was noted between the sexes. Additionally, BSA, weight, and age were important determinants of LA strain. An increased LAVi is an important marker of chronic pressure overload and is a key measure utilized in clinical practice for the Figure 1 Two-chamber view depicting peak systolic strain in the reservoir phase and peak negative strain in the contractile phase in a normal subject. assessment of LV diastolic dysfunction. 11 The recent EchoNoRMAL study indicated that measurements of LA volume may vary considerably among normal individuals in different ethnic populations, implying that certain populations may have lower reference limits for LAVi. 9 In this study, we found that LAVi (19.5 + 5.9 mL/m 2 ) in a SubSaharan African population is within normal defined ranges, albeit on the lower range of defined normality ( Figure 2) . 10,12 -16 This is consistent with the findings that ethnicity does influence LAVi measurements, but the mechanism by which this occurs is not understood. Furthermore, when adjusted for two standard deviations, the upper limit of this range is 31.3 mL/m 2 , which is lower than the value of 34 mL/m 2 utilized in the American Society of Echocardiography chamber guidelines. 10 This implies that consideration of these lower limits should occur when assessing black African patients whose parameters fall within this range of supposed normality. Future studies are required to determine whether this lower level will translate into clinical significance in various disease states. In our study, females had a higher maximum LAVi compared with males. This differs from previous studies in which no difference in maximum LAVi to BSA between sexes was noted. 13, 15, 17 In this study, females had a higher BMI but a lower BSA compared with males. For a similar weight, females tended to be shorter, and this may explain the higher BMI. A higher maximum LAVi in females in this study may be explained by a greater BMI. height may influence LA volumes. Patel et al. showed that prevalence of LA enlargement may be underestimated or overestimated when LA volume is indexed to BSA depending on the individual's obesity status. 21 Further, in their study, it was noted that LAVi to height was not influenced by the level of obesity. 21 Thus, these anthropometric measurements may need to be taken into account individually instead of simply indexing to BSA or BMI. Our results contrast with older studies of patients with cardiovascular disease in which LA size was influenced mainly by BSA and BMI rather than height. 18 Aurigemma et al. found weight to be more strongly related to LA size than height. 18 Due to discrepant findings, the significance of age, sex, and anthropometric parameters as determinants of maximum LAVi remains inconclusive.
There is a lack of data on measurement of strain with Philips QLAB 9 software. Only regional strain data is available from a study done on a similar software from the same vendor (Philips QLAB 8.1 software). 22 The use of global parameters of LA strain is likely to be more feasible and perhaps more reproducible than regional LA strain analysis in terms of quantitative data, and, thus, this study is important to provide some normative values using this vendor's software. The average values of peak LA strain in the reservoir phase obtained in various studies using GE EchoPAC software are similar to our study. 3,23 -26 However, no direct comparison can be assumed due to current vendor differences in the generation of parameters using speckle tracking. Hence, our study provides reference data for comparison with pathology when using Philips QLAB 9 software and may offer a useful reference when studying serial evaluation of LA strain in disease states. Our finding of a trend of peak LA strain decreasing with age is similar to findings in other studies using other vendors. 23, 25, 26 The decline in LA strain had a moderate correlation with ageing and implies that, to utilize this parameter to study disease, one must consider the normal age-related decline in peak LA strain. The impact of biological variables such as gender, BSA, and BMI on LA peak systolic strain in normal populations has not been extensively studied. In this study, as BMI, BSA, and weight increased, LA longitudinal strain decreased. Body mass index has been found to have an inverse correlation with LA strain, and we found a similar correlation in our study. 20, 25 It may be associated with the pro-inflammatory milieu in overweight subjects causing alteration in LV, and subsequently LA, longitudinal strain. 20 Lastly, sex has been shown to be a factor in determining normal echocardiographic parameters such as right ventricular strain. 27 However, we found no association between sex and peak LA systolic strain in this population. Finally, it must be highlighted that potential differences in peak global LA reservoir strain may be anticipated to occur among different ethnic groups since differences in LA volumes do occur. However, this has not been systematically studied, and comparison between normative data from various existing studies is hampered primarily by variations in speckle-tracking software by vendor and possibly even in different versions of the same software. Minimal data pertaining to peak negative LA strain in the contractile phase exist. This parameter is a surrogate of LA contraction and would offer important insight into the role of LA contractile function in many disease states in which a compensatory mechanism for increasing abnormal early relaxation of the LV necessitates increasing atrial booster function to preserve adequate late LV diastolic filling. It may be hypothesized that declining LA booster function may be a contributing factor to clinical decompensation in disease states in addition to LV decompensation and perhaps even independently of LV abnormality. Thus, determining normal values and variation with sex and anthropometric measurements on current available vendor software is important to permit further research utilizing this parameter in disease states. Currently, there is discrepant data available from a few studies, and this is likely due to different vendors, populations, and techniques being used to measure peak negative strain. 23, 25, 26 The true clinical application of this parameter requires further research.
Study limitations
This study had several limitations: (i) a minority of subjects were older than 60 years of age; (ii) LA strain measurement lacks a criterion standard-strain values vary with different software packages;
. (iii) the quantitative values defined for LA strain are vendor-specific; and (iv) the exercise capacity of the study subjects was not assessed to unmask subclinical diastolic dysfunction and symptoms.
Conclusion
Left atrial volume index measured in a black African population has a reference range that is comparable with guidelines, but, importantly, the upper limits of the normal range are lower than those in guideline definitions. The interpretation of normality requires consideration of sex and anthropometric differences. Measurement of LA strain is feasible and reproducible in this population, and we have provided reference values for this population using QLAB software.
